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The absolute intensities of the infrared absorption bands, »; of methyl iodide, v, of methyl cyanide, and »q

of methyl cyanide, were measured in various solvents at various concentrations.

Even after the effect of the

internal field is eliminated, very large solvent effects remain in the absorption intensities due to the intermolecular

interactions.

An equation based on the model of the dipole-dipole interaction is proposed to interpret the ex-

perimental results. Comparison with the experimental data confirms the validity of the model.

Much attention has been given to the change of
infrared intensities in going from the gas to the liquid
phase or from the gas phase to solutions. Many
equations have been proposed to predict the ratio of
the intensities of the gas and the liquid phases, among
which that of Polo and Wilson? is the most familiar.
Mallard and Straley? and Person® proposed an equa-
tion for the intensity ratio of the gas phase and solu-
tions, which is identical to that of Polo and Wilson to
the limit of pure liquid. These two equations deal
with the integrated intensities and neglect the anoma-
lous dispersion of the refractive index in the region of
the adsorption band. The validity of the assumption
of a single refractive index was studied theoretically
by Schatz.® Although Schatz claims that the equa-
tion of Polo and Wilson is valid even for strong absorp-
tion bands if one chooses an appropriate value for the
single refractive index, its usefulness is restricted to
rather weak absorption bands.?» The same problem
has been treated by many other authors.~® In the
case of very strong absorption bands, one must take
into account the frequency dependence of the refractive
index rigorously, as shown theoretically and experi-
mentally by Bakhshiev and coworkers!® and by
Crawford and coworkers.'?) These authors have pre-
sented an equation giving the relation between the
apparent and the true absorption indices at each fre-
quency. It is accepted that, when one compares the
observed intensities at various phases, one must make a
correction for the effect of the so-called internal field
according to the scheme of Polo-Wilson or Mallard-
Straley-Person for a weak absorption band and of
Bakhshiev-Crawford for a strong absorption band.
After being undergoing correction following the afore-
mentioned schemes, the intensities of liquids or solu-
tions agree well with the gas-phase intensities, if no
specific solute-solute or solute-solvent interaction in
liquids or solutions exists.%:10-12)

It should be noted that the above treatment deals
only with the change of the internal field surrounding
an absorbing molecule and does not consider the
effects of intermolecular interactions. Some authors
such as Buckingham,'® Mirone,'® and Bakhshiev and
coworkers!®) have discussed the effects of intermolecular
interactions on infrared intensities. They used the
reaction field of Onsager.!® Experimental works
concerning these theories are very scarce.l7—20)

In the present paper, the authors report the absolute
intensities of a few absorption bands of methyl iodide

and methyl cyanide in various solvents at various
concentrations, and show that the effects of solvents
are very large in some cases, even after the elimina-
tion of the effect of the internal field. The vibrational
bands and solvents are as follows, v, (the G-I stretching
vibration) of methyl iodide, solvents: methyl cyanide
and carbon disulfide, v, (the C=N stretching vibration)
of methyl cyanide, solvents: carbon tetrachloride and
1,1,1-trichloroethane, and »g (the CCN bending vibra-
tion) of methyl cyanide, solvents: carbon tetrachloride
and nitromethane. In these systems no serious specific
solute-solute or solute-solvent interaction is expected
other than the dipole-dipole interaction. An equation
is proposed to connect the absolute intensity of a pure
liquid or a solution to that of the gas phase, based
on the model of the dipole-dipole interaction.

Experimental

Commercial chemicals were used. Methyl iodide was
distilled just before the observation to remove the pale yel-
lowish color. Other samples were used without further
purification although the infrared spectrum of methyl cyanide
showed a samll amount (about 0.5 wt9%,) of water in it:
the presence of water in methyl cyanide seems to cause no
serious error.

Binary solutions were prepared just before the observation
to attain appropriate concentrations by measuring the weight
of each component. Mole percentage and molar concentra-
tions were calculated by use of the density data.?’ Ad-
ditivity of the volumes of both components was assumed.

The infrared spectra of the », band of methyl cyanide were
measured in carbon tetrachloride- and 1,1,1-trichloroethane-
solutions at various concentrations with a Perkin-Elmer 112G
single-beam infrared spectrometer. A Perkin-Elmer 12C
single-beam infrared spectrometer mounted with a CsBr
prism was used to measure the vy band of methyl cyanide
in carbon tetrachloride- and nitromethane- solutions. The
same spectrometer mounted with a KBr prism was used to
measure the »; band of methyl iodide in methyl cyanide-
and carbon disulfide-solutions. The frequencies were cali-
brated following the standard method with the use of atmos-
pheric water-vapour or carbon dioxide lines for the 112G
spectrometer, and atmospheric water-vapour and methanol
vapor lines for the 12C spectrometer.?® The spectrometers
were operated under a resolution of about 1 cm~! except for
the case of the vy band of methyl cyanide, where the resolu-~
tion was about 2 cm~1. The effect of the finite slit width
on the observed spectra was found to be very small. It was
confirmed that the observed spectra were free of stray-light.
All the measurements were carried out at room temperature
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(25 °C). Each spectrum was measured at least twice.

A variable-length cell with KRS-5 window was used in
the measurements. The thickness of the sample-cell was
determined at each observation by the method of interference
fringes.?®

The observed spectra were reduced to the absorption-
index curves, k(»)’s?® where » is the wavenumber in cm-1,
and the absolute intensities, I'’s, were calculated by means
of the definition:2®

r-An
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where ¢y, is the molar concentration (mol/cm?®). The integra-
tion of k(») over the absorption band was estimated by fit-
ting a Lorentzian curve to the observed k(v) curve by the
method of least-squares. Care should be taken so that all
the observed absorption bands contain hot bands in their
lower-frequency sides. The hot bands cause the asymmetry
of the main bands and it was found to be difficult to remove
them by the usual method of least-squares. Thus, only the
high-frequency sides of the bands were used in numerical
calculations. The standard deviations were estimated from
the deviations of the calculated Lorentzian curves from the
observed absorption curves and from the maximum errors
in the thicknesses of the sample-cell.

Since all the observed absorption bands are weak, Mallard-
Straley-Person’s scheme??® was applied to the correction for
the effect of the internal field, according to the equation

_ . [ (n/ng)*+2 72
re= ns[——n2+2 ] r

where n, and 7 are the refractive indices of the solution and
the solute, respectively, and I'; is the corrected intensity
which is to be compared with the intensity of the gas phase.
The refractive index was measured by the use of an Abbe’s
refractometer for each solution at the room temperature.
The absolute intensity, I, is related to the transition dipole
moment, m,, of the vibrational transition by the equation?®

8n®
— 2
T = i —Ny(m)

where % is Planck’s constant, ¢ the velocity of light, and
N, Avogadro’s number. The observed intensity, I, is
shown at each concentration in Figs. 1—4. The values of
I'’s, I'’s, and |[m|’s are given in Tables 1—3.

Results and Discussion

We see from the figures that the absolute intensities
greatly change in solutions even after correction for
the internal fields. This indicates that the transition
moment, m,;, changes in solutions as a result of in-
termolecular interactions. Thus we can obtain in-
formation on intermolecular interactions in liquids or
solutions from the experimental data. In the following,
we deal with the theoretical consideration on the
change of infrared intensity in solutions.

The electric dipole moment, m, of a molecule under
the influence of electric field, &, is given by

m= g+ {Fav (1)
where # and « are the electric dipole moment and the
electric dipole polarizability, respectively, of an isolated
molecule, and molecule, and { ),, means the average
over all possible configurations of the surrounding
molecules. All the quantities appearing in Eq. (1)
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Fig. 1. Concentration-dependence of the absolute
intensity of the »; band of methyl iodide. The open
circles and crosses indicate the observed intensities
in methyl cyanide-solutions and in carbon disulfide-
solutions, respectively. The vertical lines indicate
standaed deviations. The solid line shows the eon-
centration-dependence for methyl cyanide-solutions,
calculated from the parameters of Table 4. The
broken line shows the concentration-dependence for
carbon disulfide-solutions, predicted from the same
parameters of Table 4.
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Fig. 2. Concentration-dependence of the absolute
intensity of the », band of methyl cyanide in carbon
tetrachloride-solutions. The open circles indicate ob-
served intensities and the vertical lines standard de-
viations. The solid line shows the concentration-
dependence calculated from the parameters of Table
4. The closed circle corresponds to the gas-phase
intensity of Jesson and Thompson.3®

can be expanded in powers of the normal coordinates
of the vibrations. In the expansion of m, we take
only the term that is linear on the normal coordinate,
g, of the vibration:

my = iy + 6{Fodav + %F1av 2)

where the suffixes “0” and “1” mean respectively the
zeroth and the first terms of the expansion, namely:

4, =0]4]0) (3)

and
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Fig. 3. Concentration-dependence of the absolute
intensity of the », band of methyl cyanide in 1,1,1-
trichloroethane-solutions. The open circles indicate
observed intensities and the vertical lines standard
deviations. The broken line shows the concentration
dependence predicted from the parameters of Table

4.
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Fig. 4. Concentration-dependence of the absolute
intensity of the »g band of methyl cyanide. The
open circles and crosses indicate the observed inten-
sities in carbon tetrachloride-solutions and in nitro-
methane-solutions, respectively. The vertical lines
indicate standard deviations. The solid line shows
the concentration-dependence for carbon tetrachloride-
solutions, calculated from the parameters of Table 4.
The broken line shows the concentration-dependence
for nitromethane-solutions, predicted from the same
parameters of Table 4.
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The calculation of {F., and {F),, has been
made by Buckingham'® and Bakhshiev and co-
workers!® using the reaction field of Onsager:1® their
results are expressed in terms of the dielectric constants
of the surrounding macroscopic media. On the other
hand, the present authors have recently calculated
{F., based on a model of dipole-dipole interaction
to explain the equilibrium of irans- and gauche-1,2-
dibromoethanes in the liquid and in solutions,2? and
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TaBLE 1. CONCENTRATION-DEPENDENCE OF THE ABSOLUTE
INTENSITY OF THE ¥; BAND OF METHYL IODIDE
(Values in parentheses are standard deviations)
vy of methyl iodide

molY, I L. [my(obsd) | {Fppav X 10~

(cm?/mol) (cm?/mol) (Debye) (Debye/cm?)
—methyl cyanide-solution—

100 531(79) 388 (58) 0.0393 0.0151

90 621 (49) 456 (36) 0.0427 0.0232

80 622 (42) 460(31) 0.0428 0.0333

70 660 (41) 491 (31) 0-0443 0.0410

60 678(39) 507 (29) 0.0450 0.0501

50 662 (36) 498 (27) 0.0446 0.0600

40 762 (39) 578(29) 0.0480 0.0699

30 831 (40) 633 (31) 0.0502 0.0827

20 823 (36) 631 (28) 0.0502 0.0912

10 799 (42) 616 (32) 0.0496 0.1044

6 836 (35) 646 (27) 0.0508 0.1087

—carbon disulfide-solutions—

80 525 (32) 382(23) 0.0390 0.0121

60 498 (27) 361 (20) 0.0379 0.0091

40 527 (30) 381(22) 0.0390 0.0061

20 436 (23) 314 (16) 0.0354 0.0031

5 463 (21) 333(15) 0.0364 0.0008

TaBLE 2. CONCENTRATION-DEPENDENCE OF THE ABSOLUTE
INTENSISITY OF THE ¥, BAND OF METHYL CYANIDE
(Values in parentheses are standard deviations)

vy of methyl cyanide

I -6
mol%  (cm3/mol) (cmgﬁnol) "'('1‘3(21'33‘3' <(%%>k:;e>/<cir(x)")
—carbon tetrachloride-solutions—

100 480(59)  401(49)  0.0400 0.3980
80 393 (44) 326 (37) 0.0360 0.2717
60 298(29) 246 (24) 0.0313 0.1776
40 272 (19) 223 (15) 0.0299 0.1051
20 288 (18) 235(15) 0.0306 0.0463

5 254 (29) 207 (24) 0.0288 0.0111
1,1,1-trichloroethane-solutions—

80  426(57)  353(47)  0.0375 0.2724

60  345(32)  285(26)  0.0337 0.1837

40 303 (27) 249 (22) 0.0315 0.1188

20 292 (19) 239 (15) 0.0309 0.0661

5 251 (14) 206 (11) 0.0287 0.0334

have shown that the latter calculation explains well
the part of the averaged electric field that changes in
solutions, although the absolute value does not agree
with that calculated from the reaction field. We
calculateI{(Fy,, and {F),, following the same model
of dipole-dipole interaction as before.

The basic idea of the model is that the solute and
the solvent molecules are dispersed uniformly and
homogeneously in a vacuum instead of in a continuous
dielectric medium. Each molecule has its physical
quantities (say, dipole moment, polarizability, etc.)
identical with those in the gas phase, but since the
density is so high (or the average intermolecular separa-
tion between the nearest neighbour is so short) in the
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TasLE 3. CONGENTRATION-DEPENDENCE OF THE ABSOLUTE
INTENSITY OF THE ¥g BAND OF METHYL CYANIDE
(Values in parentheses are standard deviations)

vg of methyl cyanide

mol?%, r I, | my (obsd) I <%p>av x 10-¢
(cm?/mol) (cm?/mol) (Dybye) (Debye/cm?)
—carbon tetrachloride-solutions—
100 536 (40) 447 (33) 0.0422 0.3980
90 524 (28) 436 (24) 0.0417 0.3355
80 581(31) 481 (25) 0.0438 0.2726
70 565 (36) 466 (29) 0.0431 0.2263
60 652 (34) 537 (28) 0.0463 0.1782
50 667 (42) 548(35) 0.0468 0.1450
40 686 (52) 563 (43) 0.0474 0.1020
30 684 (38) 560 (31) 0.0473 0.0735
20 740 (46) 605 (38) 0.0491 0.0488
10 759 (29) 620 (24) 0.0497 0.0222
5 706 (41) 577 (33) 0.0480 0.0120
—nitromethane-solutions—
80 543 (33) 452 (28) 0.0425 0.3621
60 584 (27) 485 (22) 0.0440 0.3246
40 553 (34) 459 (28) 0.0428 0.2838
20 593(16) 491(13) 0.0443 0.2501

liquid phase or in solutions, the magnitudes of these
quantities are modified as a consequence of inter-
molecular interactions, a typical example being Eq.
(2). Following the same procedure as before, we
obtain :29

_ 4, U o
{Fodar = WN a ﬂol:(ﬁ-l_ N Wo Cm

/'405n 27[4 4
+( kT +°‘°‘)] tg5xaa3 e o

4“® AR Ho’tos* 8°

¢ 5
x| @) e ©)

4n2 8
<%l>av = ’LNazﬂl ao’L_cm + @gs—Cms (6)

27 W, A

m
where

1/3 1 3
T
4 Os

and my, py, &, and o, are those already described in
Eq. (2), #, is the permanent dipole moment of the
solute molecule, W_, p, and ¢, are respectively the
molecular weight, density, and molar concentration
(mol/cm3) of the solute (the same symbols suffixed
by “s” refer to those of the solvent), and N, is the
Avogadro number.

Calculation showed that (&,),, is very small as
compared with {%y»,, and that the terms containing
oy and o, in the parentheses of the first term of Eq.
(5) have much smaller contributions than the rest.
We have therefore neglected these terms and analysed
the experimental data by the following equation:29)

my =ty + 6 {Fp)av (8)

where

_ 4 2 U P los® 8
{Fplav = ?7—Na ﬂo[k—T——WICm'l- BT A
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Equation (8) relates the intensity data and the para-
meters, 4, and «;. We can thus determine the mag-
nitudes of x; and «,, using the intensity data at
different concentrations and the calculated <{F .-
In the calculation of (¥, >,,, permanent dipole mo-
ments were taken to be 3.92 D for methyl cyanide,?
1.65 D for methyl iodide,?® 1.79 D for 1,1,1-trichlo-
roethane,® and 3.10 D for nitromethane.?® For the
vy transition of methyl iodide, we obtained |#;| of
0.0391 D and |ey]| of 0.1134 A3 from the experimental
data of methyl cyanide-solutions by the method of
least squares. Similarly, we obtained || and [l
for the », and the g transitions of methyl cyanide,
both from the data of carbon tetrachloride-solutions.
The obtained values of || and || are given in
Table 4. The calculated concentration-dependence
of the absolute intensities, corresponding to the de-
termined |#,| and |«,|, is shown by solid lines in
Figs. 1, 2, and 4.

In order to confirm the validity of the present theory
and the obtained parameter-values, the concentration-
dependencies of the absolute intensity for the other
solvents were calculated using the values of |x,| and
[e;| of Table 4. The calculated curves are compared
with the observed intensities in Figs. 1, 3, and 4 (broken
lines).

We see that the agreement between the observed
and the predicted concentration-dependence of the
absolute intensities is fairly good for all the absorption
bands. This indicates that the present model of
dipole-dipole interaction can well represent the mecha-
nism that causes a variation of the infrared absorption
intensities in solutions. Incidentally, the gas-phase
intensity data3?-3%) are included in Figs. 1 and 2. It
is seen that the calculated intensities approach the
gas-phase intensities in the limit of the infinite dilution
by nonpolar solvents, which indicates that the present
estimation of || is very reasonable. It should be
noted that, although the signs of #; and «,; can not
be determined from the intensity measurements, the
signs of the products, m0’s, can be determined
from the solvent effect data. The conclusion is that
oy >0 for the w»; transition of methyl iodide, since
as (& )., becomes large so does |m,;|. Similarly we
obtain the result #,0,>0 for the v, transition of methyl
cyanide and #,0,>0 for the »g transition of methyl

TaBLE 4. VALUES OF |u;| AND |a |
(The values were determined by the method of least-
squares from the data of methyl cyanide-solutions for
vy of methyl iodie, and from the data of carbon
tetrachloride-solutions for », and »g of methyl cyanide.
Values in parentheses are standard deviations)

Transition |m] (D) log| (A% JZT3
vy CH,I 0.0391(0.0008) 0.1134(0.0114) +
v, CH,CN 0.0280(0.0008) 0.0285(0.0039) +
vy CH,CN  0.0493(0.0005) 0.0204(0.0022) —
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cyanide. Dickson et al.3? concluded that #;<0 for the
vy transition of methyl iodide. Thus we can say that
;<0 for this particular transition.

We must remember that the calculation of {(§,,,
based on the same model as in the present paper,
resulted in very different values from those calculated
on the basis of the reaction field in the case of 1,2-
dibromoethane in liquid and in solutions,??) although
the former can well explain that part of the field which
changes in concentration- or temperature-variation.
The same situation is expected for the present cases.
If we have data for the dielectric constant as each
concentration, and calculate <%,>,, by use of the
reaction field formalism, somewhat different values for
|’ |s from the present results may be obtained. Thus
the present values of |a;|’s can not be too much relied
upon. In fact, we obtain |a,| of 0.11 A3 for the »,
transition of methyl cyanide, if we use the gas-phase
absolute intensity of Raman scattering measured by
Schrotter and Bernstein.?® neglecting the anisotropy
of «;. It seems, however, that the present approach
has something to do with the real mechanism of molecu-
lar interaction that causes the intensity change, from
the fact that the two-parameter equation, Eq. (8),
can reproduce the intensity change very well.

The authors wish to express their gratitude to all
the members of the Shimanouchi Laboratory for
their valuable discussions. The authors are par-
ticularly grateful to Professor Takehiko Shimanouchi,
the University of Tokyo, for giving them the oppor-
tunity to publish this work.
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